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Abstract

Globally, Salmonella infection poses a major public health problem. Here, we report antibiofilm activity and quorum sensing
inhibition of aqueous seeds extract of Myristica fragrans (nutmeg) and biosynthesized silver nanoparticles (AgNPs) against
multidrug resistant (MDR) Salmonella enterica serovar Typhi (S. Typhi) isolated from typhoid patients and asymptomatic
carriers. S. Typhi isolates revealed higher percentage (46%) of biofilm production identified by tissue culture plate (TCP) than
Congo red agar (CRA) and tube adherence (TA) methods. The inhibition of biofilm-producing MDR S. Typhi isolates and
pigment production of Chromobacterium violaceum (indicator bacteria) demonstrated the quorum sensing potential of nutmeg.
The aqueous seed extract of nutmeg exhibited 87% of antibiofilm activity, while the biosynthesized AgNPs showed 99.1% of
antibiofilm activity. Molecular docking studies of bioactive compounds of nutmeg against transcriptional regulatory protein
ResB and sensor kinase protein ResC revealed interaction with the target proteins. It is proposed that biosynthesized AgNPs
could be used as one of the effective candidates in treating asymptomatic typhoid carriers or typhoid patients and to control the
subsistence of biofilm-producing S. Typhi strains or other pathogenic bacteria in the environment or industrial settings.
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nbsenthilkumar@gmail.com Salmonella species are one of the most important pathogens

worldwide as they exhibit high morbidity and mortality
(Fabrega and Vila 2013). Despite advanced treatment and pre-
cautions efforts, every year, millions of cases with new ty-
phoid infections occur worldwide. Following infection,
Salmonella enterica serovar Typhi (S. Typhi) colonizes gall-
bladder and stays there long after subsiding symptoms and
also serving as a reservoir for spread of disease further
(Gonzalez-Escobedo et al. 2011). However, a significant per-
centage of typhoid infection can result in asymptomatic car-
riage of S. Typhi (Reeve 2010; Abida et al. 2011). The clinical
observations among typhoid carriers regarding their resistance
to antibiotic treatment and extension of infection to the gall-
bladder are related with biofilm-producing potential of S.
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Typhi (Swidsinski and Lee 2001). Biofilms are organized
communities of microorganisms that adhere to each other
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and to inert or live substrates and are encased in an extracel-
lular matrix (Monds and O’Toole 2009). Generally, it is con-
sidered as a response to stress; biofilms have been concerned
in many chronic and acute infections. In many typhoid cases,
persistence can lead to establishing biofilm on gallstone both
in typhoid acute patients and also in chronic carriers (Adcox
et al. 2016). Subsequently, Sal/monella species biofilm forma-
tion has also been observed in gallbladder infection by in vitro
studies (Prouty et al. 2002) and in human typhoid carrier
(Crawford et al. 2010; Marshall et al. 2014). However, a sig-
nificant percentage of typhoid infection can result in asymp-
tomatic carriage of S. Typhi, possibly due to the formation of
biofilms that contributes to the development of the carrier state
(Reeve 2010; Abida et al. 2011). The duration of S. Typhi
clearance from typhoid patients after recovery is directly re-
lated to their biofilm-producing ability (Abida et al. 2011).
Typhoidal and non-typhoidal Salmonella biofilms are the
most important health problem in industrial, veterinary, and
medical settings (Veldman et al. 1995) because they are criti-
cal in the failure of the antibiotic treatment in patients and lead
to developing and spreading of antibiotic resistance pathogens
among healthy people and also responsible for many
foodborne outbreaks originated from food industries in the
absence of regular sanitation regimens (Shi and Zhu 2009).
Multidrug resistance (MDR) in Salmonella species
(Senthilkumar and Prabakaran 2005) can prevent the
antibiotics/drugs from accessing their target by a number of
mechanisms like mutations in topoisomerase IV (fluoroquin-
olone resistance) and DNA gyrase (Giraud et al. 2006) or
breaking them down to an inactive form (Miro et al. 2004).
These mechanisms are mediated by making changes in the
cellular envelope, over expressing efflux pump systems,
downregulating porins, or by increasing lipopolysaccharide
(LPS) component present in the outer membrane (Giraud
et al. 2000). Besides these, quorum sensing (QS) and the for-
mation of biofilms also contribute to resistance (Jayaraman
and Wood 2008). The QS signals produced by Salmonella
enterica is used by some bacterial pathogens to coordinate
virulence gene expression (Perrett et al. 2009), activating gene
expression responsible for Sa/monella pathogenicity island-1
(SPI-1) (Choi et al. 2007; Senthilkumar et al. 2019), and in the
motility and colonization (Bearson and Bearson 2008).
Two-component signal transduction systems (2CSTSs) in
the bacteria provide with a complex network of regulation that
manages motility, pathogenesis, and biofilm development and
responding to a numerous environmental signal (Priifl 2017).
Bacterial colonization and their survival happen to some ex-
tent by means of a phosphotransfer mechanism by 2CSTSs
(Zschiedrich et al. 2016). The 2CSTS usually consists of a
sensor kinase (histidine kinase) and a response regulator
(RR). Mostly, sensor kinases are membrane-bound proteins
that autophosphorylate the conserved histidine residue in the
presence of ATP, from which the phosphoryl is transferred to a

conserved aspartate in the response regulator (Mitrophanov
and Groisman 2008). Two-component systems (TCSs) are
becoming popular antibacterial drug targets as these are ubig-
uitous in all bacteria and are essential for their survival, and
homology is not detected in humans or other mammals
(Thomason and Kay 2000).

We have hitherto stated the occurrence of the MDR S.
Typhi isolates (Senthilkumar and Prabakaran 2005;
Senthilkumar et al. 2011; Balaji and Senthilkumar 2011) in
asymptomatic typhoid carriers (Sasikumar et al. 2005;
Senthilkumar et al. 2014a, b, c; Ilakkia et al. 2015, 2016)
and antimicrobial activity of nutmeg-mediated biosynthesized
AgNPs against the MDR S. Typhi isolates (Senthilkumar et al.
2017) among the food handlers and school children.
Therefore, this study was intended to evaluate biosynthesized
AgNPs for antiquorum sensing and antibiofilm activity
against the MDR S§. Typhi isolates and to screen bioactive
compounds of M. fragrans (nutmeg) with the transcriptional
regulatory protein RcsB and sensor kinase protein ResC of S.
Typhi through molecular docking approach.

Materials and methods
Biosynthesized AgNPs and bacterial pathogens

Nutmeg aqueous seed extract, biosynthesized AgNPs, and
MDR S. Typhi isolates MCASMZU1-13 (NCBI accession
no. KT037135-38, KT037130-34, KT696507, KT696504-
06) from asymptomatic typhoid carriers and typhoid patients
illustrated elsewhere (Senthilkumar et al. 2017) were used for
the biofilm profiling and antibiofilm assay in this study.

Biofilm profiling assay

Potent biofilm forming MDR S. Typhi isolates were evaluated
by the following three methods.

Congo red agar method

The Congo red agar (CRA) method (Freeman et al. 1989) was
performed using brain heart infusion (BHI) agar supplement-
ed with 5% sucrose and Congo red. A darkening of the bac-
terial colonies with a dry crystalline morphology indicated
high biofilm producer, whereas moderate biofilm producer
indicated pink with black-centered colonies, and weak
biofilm producer indicates pink colonies. The experiment
was performed in triplicate.

Tube adherence method

A qualitative assessment of biofilm formation was determined
as described by Christensen et al. (1982) with few
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modifications. Trypticase soy broth (10 mL) with 1% glucose
(TSBgy,; HiMedia, India) was inoculated with 1% logarithmic
phase culture (ODsgq at 0.5) and incubated at 37 °C for 24 h.
The aliquots were decanted and washed twice with phosphate
buffer saline (PBS; pH 7.2). The dried tubes were stained with
0.1% (w/v) crystal violet for 30-min incubation, the excess
stain was removed, and the tubes were washed twice with
deionized water. The dried tubes were observed for any visible
film that lined the wall and the bottom of the tube. The amount
of biofilm formation was recorded on the basis of intensity of
crystal violet coloration as absent, moderate, and strong. The
experiment was performed in triplicate.

Tissue culture plate method

All the isolates screened for biofilm production were con-
firmed in tissue culture plate (TCP) method by following
Christensen et al. (1985) with minor changes. S. Typhi isolates
were inoculated in TSByy, broth (HiMedia, India) and brain
heart infusion broth with 2% sucrose (BHIy,., (HiMedia,
India) and incubated at 37 °C for 18 h. About 1 mL of broth
culture was diluted in 100 mL fresh broth, and 200 uL of this
diluted culture was added in individual wells of sterile, poly-
styrene 96-well flat-bottom tissue culture plate, and broth
without culture was served as control to check sterility and
non-specific binding of media. After 24-h incubation at 37 °C,
the planktonic cells were removed from wells and washed
twice with 200 pL of PBS. Biofilm formed by adhered cells
in plate was fixed with sodium acetate (2%) and stained by
crystal violet (0.1% w/v) for 30 min. Excess stain was rinsed
off by thorough washing with deionized water, and the plate
was dried. Usually adherent S. Typhi cells formed biofilm on
the sides of wells were uniformly stained with crystal violet.
Optical density (OD) of the stained adherent bacteria was
determined with micro ELISA auto reader (Bio-Rad) at
570 nm. The experiment was performed in triplicate; the data
were averaged; and, standard deviation was calculated. The
mean OD value obtained from the media control well was
deducted from all the test OD values.

Determination of quorum sensing inhibition

The biofilm-inhibiting ability of nutmeg aqueous seed extract
and biosynthesized AgNPs was determined using soft agar
overlay protocol as described by McLean et al. (2004) with
minor changes. Briefly, BHI agar (HiMedia, India) plates were
prepared and halved into two parts. The representative MDR
S. Typhi MCASMZUT1 (typhoid patient) and MCASMZU7
(asymptomatic typhoid carrier) isolates were streaked sepa-
rately on one-half, and the nutmeg aqueous seed extract was
added into the well made on another half. Similarly, the test
isolates were streaked on one-half and the biosynthesized
AgNPs were added into the well made on another half. After
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incubation at 30 °C for 24 h, 5 mL of soft agar containing the
indicator bacteria Chromobacterium violaceum (ATCC
12472) was overlaid and incubated for growth and
pigmentation.

Antibiofilm assay

Biofilm inhibition was carried out in a 96-well plate by
adopting a modified method of biofilm inhibition spectropho-
tometric assay (Gurunathan et al. 2014). About 100 uL of log
phase cell suspension (ODsgq of 0.5) of each representative
MDR S. Typhi MCASMZU1 (typhoid patient) and
MCASMZU?7 (asymptomatic typhoid carrier) isolates, was
added into a 96-well titer plate, and different concentrations
of nutmeg aqueous seed extract and biosynthesized AgNPs as
10, 20, 30, 40, and 50 pg mL ! were added and incubated at
37 °C for 3 days. The wells were stained with 100 puL of 1%
(w/v) crystal violet after discarding cell suspension. After 30-
min incubation, the dye was removed, thoroughly washed,
and added with 95% ethanol for 15 min. This reaction mixture
was read spectrophotometrically at 595 nm. The percentage
inhibition of biofilm activity was calculated by the following
equation: [ 1-(A 595 of test/A 595 of control)] x 100 (Wei et al.
2006). The experiment was performed in triplicate. The data
are expressed as mean + SD.

Homology modeling and molecular docking

The protein sequences of transcriptional regulatory protein
ResB (accession Q56127) and sensor histidine kinase RcsC
(accession Q56128) from S. Typhi were retrieved using
ExPasY UniProtKB (Gasteiger et al. 2003; Pundir et al.
2017), and their three-dimensional structures were modeled
using the Swiss-Model (Biasini et al. 2014) and Phyre2
(Kelley et al. 2015) web servers. Structure refinement and
energy minimization of the predicted models were performed
using ModRefiner (Xu and Zhang 2011) and GROMOS96
force field (van Gunsteren et al. 1996), respectively. Energy-
refined models were then validated using ProSA (Wiederstein
and Sippl 2007) and the Ramachandran plot from
PROCHECK (Laskowski et al. 1993).

In order to hypothesize a mechanism for quorum sensing
inhibition and antibiofilm activities, homology modeling and
molecular docking studies were performed on the Rcs signal
transduction system in S. Typhimurium. The molecular inter-
action between the bioactive compounds in nutmeg aqueous
seed extract and transcriptional regulatory protein RcsB and
sensor kinase protein ResC from S. enferica has been per-
formed using AutoDock 4.2 (Morris et al. 2009). The choice
of phytochemicals was based on our pervious publication on
nutmeg (Senthilkumar et al. 2017), and their three-
dimensional structures were retrieved from public database
PubChem (Kim et al. 2016). In order to distinguish a drug-



Environ Sci Pollut Res (2020) 27:2844-2856

2847

like compound from other compounds, Sanjeevini (Jayaram
et al. 2012) was used to evaluate the molecular descriptors
following Lipinski’s rule of five (Lipinski 2004). Addition
of hydrogen atoms, Kollman charges, and polar hydrogens
and merging of non-polar hydrogens were performed using
the AutoDock Tools (ADT). For ResB, blind docking was
performed by setting a grid box of 60 x 60 x 60, with spacing
of 0.7 A and for ResC, a grid box of 48 x 46 x 52, with a
spacing of 0.7 A, was positioned using autogrid. The
Lamarckian genetic algorithm (LGA) of up to 20 runs was
employed with a population size of 150 individuals and max-
imum number of generations and energy evaluations of
27,000 and 2.5 million, respectively (Yadav et al. 2015).
Ligand-binding energy (AG) and other parameters for each
ligand were calculated and ranked based on the lowest binding
energy. The best pose (top ranked) and capacity to form hy-
drogen bonds (if any) were alone considered for each ligand.

Results and discussion
Biofilm profiling of MDR S. Typhi isolates

Biofilm profiling of MDR S. Typhi isolates were found to be
38.5% strong biofilm producer, 30.8% moderate biofilm pro-
ducer, and 30.8% weak biofilm producer by the CRA method.
In the TCP method, 46% of MDR S. Typhi isolates showed
mean OD value > 0.240, indicating high biofilm producers,
38.5% of MDR S. Typhi isolates were moderate biofilm pro-
ducers (mean OD value 0.120-0.240), and 15% were found to
be weak biofilm producers (mean OD value of < 0.120). In the
tube adherence (TA) method, 15% of MDR S. Typhi isolates
were strongly positive, 46% were moderately positive, and
38.5% were weak or non-biofilm producers (Table 1). These
results indicate that high percentage of biofilm producers were
profiled in the TCP method than the other methods including
CRA and TA method. Similarly, the TCP method is a more
reliable method for the detection of biofilm from clinical bac-
terial isolates (Afreenish et al. 2011). Agarwal et al. (2011)
reported that majority of Salmonella strains (87, 57.61%) were
found to be moderate biofilm producers, while 22.52% were
weak producers, and 19.21% of strains were strong biofilm
producers. Sereno et al. (2017) also found that the rates of
13.6, 59.1, and 27.3% of isolates were moderate, weak, and
non-biofilm producers among 100 MDR Salmonella strains
from poultry carcasses. The profiling of biofilm production by
S. Typhi strains may identify that the high-risk patients would
be the key for effective therapeutic management and gallblad-
der infection prevention (Enea et al. 2017). Because, bacterial
cells growing in biofilm are physiologically distinct from
planktonic cells of the same bacteria and are embedded within
a self-produced matrix of extra cellular polymeric substance
(EPS) (Monroe 2007; Hall-Stoodley et al. 2006), which can

Table 1 Biofilm profiling assay of S. Typhi isolates. CRA: high, black
colonies with dry crystalline morphology; moderate, pink with black-
centered colonies; weak, pink colonies. TCP: high (ODs7o) >0.240;
moderate (ODs7o) 0.120-0.240; weak/non (ODs7g) <0.120. TA: based
on crystal violet coloration

S. Typhi isolates Biofilm formation

CRA TCP ™
MCASMZU1* ++ +++ +
MCASMZU2* +++ + ++
MCASMZU3" 4+ ++ .
MCASMZU4* + . +
MCASMZU5? ++ ++ +
MCASMZU6* 4+ ++ -
MCASMZU7" + e+ 4
MCASMZU8?* ++ ++ +
MCASMZU9* +++ + ++
MCASMZU10* + FA+ et
MCASMZU11* ++ +++ ++
MCASMZU12° +++ ++ 4
MCASMZU13® + 4+ +
2 Typhoid patient

b Asymptomatic typhoid carrier; + weak; + + moderate; + + + high

increase antibiotic resistance by up to 1000-fold (Stewart and
Costerton 2001).

Quorum sensing inhibition

Biofilm assists cells to live close to each other in order to
facilitate the exchange of plasmids and free DNA that enable
them to overcome different environmental stresses. The bac-
teria in biofilm use chemical communication that helps them
to coordinate their metabolism and other complex processes
(Ankita et al. 2017). Quorum sensing of bacteria is mediated
by Cyclic di-GMP (Sharma et al. 2014) and uses it as a check-
point to proceed through the distinct stages of biofilm devel-
opment until they fully commit to the biofilm lifestyle includ-
ing Salmonella enterica (Valentini and Filloux 2016).

The inhibition of the growth of each representative MDR S.
Typhi MCASMZU1 (typhoid patient) and MCASMZU7
(asymptomatic typhoid carrier) isolates and inhibition of pig-
ment production by the indicator bacteria, C. violaceum, around
the well containing nutmeg aqueous seed extract and AgNPs
revealed the quorum sensing inhibition potential of nutmeg.

We previously reported that nutmeg aqueous seed extract
consists of methane, oxybis [dichloro - and 1,4-benzenediol,
2-bromo, 1H-cyclopenta [c] furan- 3-(3aH)-one, 6,6a-
dihydro-1-(1,3-dioxolan-2-yl)-, and (3aR, 1-t, and these com-
pounds are effective in killing S. Typhi isolates (Senthilkumar
et al. 2017) and in inhibiting biofilm formation (Seghal et al.
2010). This study results also presumed that the compounds of
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nutmeg aqueous seed extract might be responsible for the
quorum sensing inhibition of S. Typhi and hence decided to
perform a molecular interaction study with AutoDock 4.2.

Antibiofilm effects of nutmeg aqueous seed extract
and biosynthesized AgNPs

Biofilm inhibition studies carried out using nutmeg aqueous
seed extract and biosynthesized silver nanoparticles at all the
tested concentrations have successfully inhibited biofilm forma-
tion by the representative MDR S. Typhi isolates from typhoid
patients and asymptomatic carriers. This study also revealed that
the nutmeg aqueous seed extract showed 87% antibiofilm ac-
tivity while the biosynthesized AgNPs showed 99.1% of
antibiofilm activity at the concentration of 50 pg mL ™. This
result concludes that AgNPs significantly (p > 0.05) inhibited
biofilm formation than the nutmeg aqueous seed extract but in
dose-dependent manner (Fig. 1a, b). Similarly, Gurunathan et al.
(2014) reported that the efficiency of biosynthesized AgNPs
exhibited enhanced biofilm inhibition than nutmeg aqueous
seed extract. The high concentration of nanoparticles leads to
diffusion through the medium by which they inhibit bacterial
growth by more than 90% (Murugan et al. 2013).
Senthilkumar et al. (2017) reported antimicrobial potential of
nutmeg aqueous seed extract and its AgNPs against the MDR S.
Typhi isolates and proved that nutmeg aqueous seed extract
could be used to treat bacterial diseases. Biosynthesis of
AgNPs using nutmeg aqueous seed extract is an excellent,
cost-effective, non-toxic, eco-friendly approach, and highly ef-
fective for treating human pathogens. Among natural plant ex-
tracts, stem bark (Murugan et al. 2014) and seed extract
(Senthilkumar et al. 2017) have many advantages during sample
collection process, as they are not destroying the parent plant.

Homology modeling and energy minimization
of modeled structures

A protein’s ability to establish interaction with other mole-
cules or to have varied functions depends upon their tertiary
or 3D structure (Hasan et al. 2011; Alshatwi et al. 2011). As
there are no crystal structures available in the protein data
bank (PDB), the tertiary structures of ResC and ResB have
been modeled using the web-based servers like Swiss-Model
and Phyre2. Template search was done using BLAST
(Altschul et al. 1997) and HHBIlits (Remmert et al. 2012)
against the SWISS-MODEL template library (SMTL version
September 21, 2017; PDB release September 15, 2017). For
transcriptional regulatory protein RcsB, PDB ID: Si4c with
99.32 and sensor kinase protein RcsC, PDB ID: 2ayx with
80.97, sequence identity was used as templates for building
models by Swiss-Model. Based on the target-template align-
ment, models were built using ProMod3. Final geometry of
the resulting models was then optimized by using a force field.
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Phyre2 used template PDB ID: 508y for ResB and for ResC 7
templates (PDB ID: 5idj, 3d36, 2c2a, 4gcz, 2ayx, 4ew8, 415s)
and was selected to model the protein based on heuristics to
increase the confidence, percentage of identity, and coverage
of the alignment. Phyre2 uses the hidden Markov method to
generate alignments (Kelley and Sternberg 2009). Besides
that, Phyre2 uses Poing, an ab initio folding simulation algo-
rithm, to model the regions of the query where no detectable
similarities to the known structures are noted (Jefferys et al.
2010). Out of 948 amino acids, 343 residues were modeled
using the ab initio method. Poing algorithm uses information
from multiple templates with known structures in order to
develop the final model. The “intensive” mode in Phyre2
was used to build the 3D structure models for RcsB and
ResC. Structure refinement and energy minimization were
performed to correct distorted geometries of predicted models.
Figure 2 shows the refined protein structures from Swiss-
Model and Phyre2. For RcsB and ResC, Swiss-Model gener-
ated the models with lengths 131 (aa 2—132) and 247 (aa 701—
947), respectively, whereas Phyre2 generated the models with
lengths 216 (aa 1-216) and 948 (aa 1-948), respectively.

Model validation for RcsB and ResC

Validation of the model is very critical for the modeled pro-
teins as the structure is being used further downstream simu-
lations for better understanding the protein’s biological func-
tion. Figure 3 shows the phi/psi Ramachandran plot of energy-
minimized structures generated by PROCHECK. The plot
shows phi/psi dihedral angles between N-Cx and Co-C pla-
nar peptide bonds in the protein’s backbone. Though theoret-
ically, any combination of these angles is possible; biological-
ly limited combinations are seen due to steric clashes that
occur in the proteins’ backbone structure (Goswami 2015).
The numbers of residues in the most favored regions, addi-
tionally allowed, generously allowed, and disallowed regions
are as presented in Table 2. The energy-minimized models
were further evaluated using the ProSA web server. ProSA
predicts the overall model quality and represent as Z-score
by measuring the total energy deviation of the structure using
random conformations and molecular mechanics force field
(Wiederstein and Sippl 2007). This score is then plotted
against the experimentally determined protein structures in
the PDB. This helps us to visualize if the refined structure falls
within the ranges of the native proteins (Doss et al. 2012). Z-
score for energy-minimized PDB structure from Swiss-Model
for ResB and ResC were — 7.82 and — 6.96, respectively. On
the other hand, Z-score for energy-minimized PDB structure
from Phyre2 were —8.72 and — 7.31, respectively. These re-
sults indicated that the model generated from Phyre2 was
better. Thus, based on model length and Z-score, the model
generated by Phyre2 was chosen for further docking studies.
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S.Typhi MCASMZU1

M Seed extract
100 4 [ Biosynthesised AgNPs —

Antibiofilm activity (%)
3

10 20 30 40 50

Concentration of seed extract and AgNPs (pg/mL)

Fig. 1 Antibiofilm activity of nutmeg seed extract/AgNPs against a S. Typhi

isolate from asymptomatic typhoid carrier

Molecular docking of bioactive compounds in nutmeg

Based on the promising in vitro results, it was thought worthy
to screen the bioactive compounds in nutmeg aqueous seed
extract, inculcating both in silico and in vitro results by
performing molecular docking studies. Considering transcrip-
tional regulatory protein RcsB and sensor kinase protein ResC
from S. enterica as the target receptor, comparative and auto-
mated docking studies with the bioactive compounds in nut-
meg were performed using the LGA in the docking program
AutoDock 4.2. Additionally, as positive control, ciprofloxacin
was docked with each protein structure in order to compare
docking energies with the phytochemicals. For protein targets,
standard protonation states on neutral pH were used as a rigid

Fig. 2 Refined and energy
minimized and modeled structure
of ResB and ResC a Swiss-Model
generated ResB, b Swiss-Model
generated RcsC, ¢ Phyre2
generated ResB, and d Phyre2
generated ResC
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S. Typhi MCASMZU7
B Seed extract
100 {1 | C1 Biosynthesised AgNPs —
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Concentration of seed extract and AgNPs (ug/mL)
MCASMZU]1 isolate from typhoid patient and b S. Typhi MCASMZU7

model structure; no relaxation of the protein was performed
during the docking studies. All the ligand molecule structures
were energy minimized and screened for Lipinski’s rule of
five before docking. The molecular descriptors of the ligands
used in the study are presented in Table 3. Figures 4 and 5
show the docked images of the candidate ligands including the
control drug, i.e., ciprofloxacin. Table 4 shows the lowest
energy (strongest docking) scores for each of the candidate
ligands including the standard in each protein target. In silico
studies revealed that all the bioactive compounds showed
good binding energy towards both the target proteins and
established bonds with one or more amino acids.

The Res signaling system follows the two-component sig-
naling mechanism, though it consists of more than two
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Fig. 3 Ramachandran plot of refined and energy minimized and modeled structure of RcsB and ResC. a Swiss-Model generated ResB. b Swiss-Model
generated ResC. ¢ Phyre2 generated ResB. d Phyre2 generated ResC

proteins. The ResCDB system has a numerous of functions,
not just activating colanic acid synthesis (Sharma et al. 2017;
Oropeza et al. 2015) but also downregulates genes like regu-
lator for curli, csgD (Ferrieres and Clarke 2003), and flagellar
gene, flhD (Francez-Charlot et al. 2003).

RcsB is basically a response regulator and forms a
component of the Rcs signaling system that controls the
transcription of several other genes. RcsB can function
both in a RcsA-dependent or ResA-independent manner
by binding to the regulatory DNA regions. The protein

Table 2 Analysis of Ramachandran plot of energy minimized and modeled structure using PROCHECK server

Model Residues in most favored Residues in additional allowed Residues in generously allowed Residues in disallowed regions
regions regions regions
No. of residues % of residues No. of residues % of residues ~ No. of residues % of residues ~ No. of residues % of residues
RscB_ SM 106 93.8 7 6.2 0 0 0
RscC_ SM 191 86 23 10.4 8 3.6 0
RscB P2 186 97.4 4 2.1 1 0.5 0 0
RscC P2 642 75.1 161 18.8 28 33 24 2.8
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Table 3 Molecular descriptors of the ligands used in molecular docking: (1) methane, oxybis [dichloro-, (2) 1H-cyclopenta [c] furan-3-(3aH)-one, 6,6a-
dihydro-1-(1,3-dioxolan-2-yl)-, (3aR, 1-t, (3) octadecane, 6-methyl-, (4) heptadecane, 2,6,10,14-tetramethyl-, (5) BIS (2-ethylhextl) phthalate, (6) 4H-pyran-4-
one,2,3-dihydro-3,5-dihydroxy- 6-methyl-, (7) 3,4-dichlorophenethylamine, (8) 1,4-benzenediol, 2-bromo-

Molecular descriptors 1 2 3 4 5 6 7 8 Ciprofloxacin
Mass 184 158 268 296 390 44 190 188 331
Hydrogen bond donor 0 2 0 0 0 2 2 2 2
Hydrogen bond acceptors: 1 4 0 0 4 4 1 2 6

LOGP 2.5254 0.716 7.513803  7.861703  6.433001 —0.2639 2.4946 1.8603 1.3689
Molar refractivity 32.073002 36.172592 89.76696  98.790955 113.61894  32.294594 49.220394 37.4716 87.032982

Fig.4 Docked poses of bioactive compounds in nutmeg with the transcriptional regulatory protein RcsB. a Methane, oxybis [dichloro-, b 1 H-cyclopenta
[c] furan-3-(3aH)-one, 6,6a-dihydro-1-(1,3-dioxolan-2-yl)-, (3aR, 1-t, ¢ octadecane, 6-methyl-, d heptadecane, 2,6,10,14-tetramethyl-, e BIS (2-
ethylhextl) phthalate, f 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy- 6-methyl-, g 3,4-dichlorophenethylamine, h 1,4-benzenediol, 2-bromo-, i
ciprofloxacin

@ Springer



2852

Environ Sci Pollut Res (2020) 27:2844-2856

Fig.5 Docked poses of bioactive compounds in nutmeg with the sensor histidine kinase RcsC. a Methane, oxybis [dichloro-, b 1 H-cyclopenta [c] furan-
3-(3aH)-one, 6,6a-dihydro-1-(1,3-dioxolan-2-yl)-, (3aR, 1-t, ¢ Octadecane, 6-methyl-, d heptadecane, 2,6,10,14-tetramethyl-, e BIS (2-ethylhextl)
phthalate, f 4H-pyran-4-one, 2, 3-dihydro-3,5-dihydroxy- 6-methyl-, g 3,4-dichlorophenethylamine, h 1,4-benzenediol, 2-bromo-, i ciprofloxacin

has two domains: amino acids 5 to 124 form the re-
sponse regulatory domain and the amino acids 144 to
209 HTH IuxR-type domain. More specifically, it is the
amino acids 168 to 187 that contribute to the helix-turn-
helix (H-T-H) motif. The HTH motifs are common in
all known DNA-binding proteins which regulates gene
expression. The first helix of the HTH motif helps in
stabilizing the structure while the second helix binds to
DNA through a number of hydrogen bonds and hydro-
phobic interactions (Sauer et al. 1982; Brennan and
Matthews 1989). In this study, compound 4H-pyran-4-

@ Springer

one, 2,3-dihydro-3, 5-dihydroxy- 6-methyl- established
three hydrogen bonds with the amino acids VAL168
and THR169 with a docking score of —3.43.
Compounds 3,4-dichlorophenethylamine (Fig. 4g) and
1,4-benzenediol, 2-bromo- (Fig. 4h) on the other hand
established two hydrogen bonds with amino acids
LYS173, ASN176, and ASN176, ARG177, respectively.
Though compound 1H-cyclopenta [c] furan-3-(3aH)-one,
6,6a-dihydro-1-(1,3-dioxolan-2-yl)-, (3aR, 1-t exhibited
the highest docking score of —4.08 among the
phytocompounds, it managed to establish only one
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Table 4 Binding energies of the bioactive compounds in nutmeg and the ciprofloxacin with the transcriptional regulatory protein RcsB and sensor

histidine kinase RcsC

S. Name of the compound Molecular RcsB ResC
no. formula
Pose Binding H Interacting Pose Binding H Interacting amino
no. energy bonds amino acids no. energy bonds acids
Methane, oxybis [dichloro- C,H,CI,O 2 -2.59 1 ARG177 1 -285 1 THR4383
2 1H-Cyclopenta [c] furan-3-(3aH)-one, C;oH;,04 —4.08 1 ASN176 1 —-2091 1 THR483
6,6a-dihydro-1-(1,3-dioxolan-2-yl)-,
(3aR, 1-t
3 Octadecane, 6-methyl- C,oH,0 1 —1.68 0 1 —243
4 Heptadecane, 2,6,10,14-tetramethyl- Cy 1 Hys 1 -2.97 0 1 -3.36
5 BIS (2-Ethylhextl) phthalate Cp4H3304 1 -233 1 ILE179 1 -3 1 VALA477
6 4H-Pyran-4-one,2,3-dihydro-3, CgHgOy4 1 -343 3 VALI168, 1 -3 2 HIS479, THR483
5-dihydroxy- 6-methyl- THR169
7 3.,4-Dichlorophenethylamine CgHoCpN 1 —-4.7 2 LYS173, 1 5.2 2 ALAA475,
ASN176 GLU480
8 1,4-Benzenediol, 2-bromo- C¢HsBrO, 5 -361 2 ASN176, 1 -347 3 PHEA473,
ARG177 ALAA475,
HIS479
9 Ciprofloxacin 1 =505 1 ILE179 2 -419 1 GLUS32

hydrogen bond with the amino acid ASN176 (Fig. 4;
Table 4).

Bem et al. (2015) have reviewed excellently on how novel
antibiotics can target histidine kinases (HKSs), especially those
HKSs that are part of the bacterial two-component systems
(TCSs). TCS signaling pathway involves autophosphorylation
of a histidine kinase (HK), phosphotransfer of the phosphoryl
group to a cognate response regulator (RR), which in turn, mod-
ulates the expression of target genes (Casino et al. 2010). A HK
usually contains four main domains, namely a periplasmic sensor
domain (Sp), cytoplasmic sensor domains (Sc), dimerization and
phosphotransfer domain (DHp), and catalytic and ATP-binding
domain (CA) (Bem et al. 2015). HK autophosphorylation is
mainly mediated by the CA domain, which binds ATP and phos-
phorylates the HK at a conserved histidine residue (HIS479) in
the DHp domain. In most HKs, the CA and DHp domains are
conserved whereas the remaining sensor domains like PAS,
GAF, HAMP, and periplasmic domains are quiet variable and
not found in all HKs (Casino et al. 2010). TCS signaling is
blocked by dephosphorylation of the RR, which can be auto
induced or mediated by the cognate HK or by auxiliary proteins
(Stock et al. 2000; Parashar et al. 2011). Several studies have
shown that TCSs are essential for antibiotic resistance, coordi-
nated expression of virulence factors, and, in some cases, for
bacterial growth and viability. Because of this, TCSs have been
considered potent targets for antibacterial drug design
(Thomason and Kay 2000).

In our study, ResC, a membrane-associated histidine kinase
was chosen as the second target. Here, 1,4-benzenediol, 2-
bromo- with a docking score of —3.47 established three hydro-
gen bonds with the amino acids PHE473, ALA475, and HIS479

(Fig. 5h). Compounds 4H-pyran-4-one, 2, 3-dihydro-3,5-dihy-
droxy- 6-methyl- (docking score of —3.0) (Fig. 5f) and 3,4-
dichlorophenethylamine (docking score of —5.2) (Fig. 5g)
formed two hydrogen bonds with amino acids HIS479,
THR483, ALA475, and GLU480, respectively. From the results,
it is clearly evident that compounds 1,4-benzenediol, 2-bromo-
and 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy- 6-methyl- in-
teract with HIS479 responsible for the phosphorylation (Fig. 5).
Moreover, compound 3,4-dichlorophenethylamine exhibited
higher docking score compared with the control ciprofloxacin
(Table 4).

Because of the sequence similarities of HKs” CA domain
from different organisms, it can be suggested that these putative
HK inhibitors from nutmeg would exhibit polypharmacology
(inhibiting multiple targets) which could slow down antimicro-
bial resistance development. But, it has to be noted that the
docking method has its own limitations (Yuriev et al. 2011,
Yuriev and Ramsland 2013). Moreover, this docking study has
only examined natural ligand docking and does not take into
account in vivo breakdown or other metabolites derived as a
result of metabolism. Also, binding energies do not tell whether
the ligands that bind strongly function as agonists or antagonists
(Powers and Setzer 2015).

Conclusion
Treating MDR and biofilm-producing pathogenic bacterial dis-
eases poses serious challenge in the clinical settings and hence,

exploring new agents that can interfere with QS signal molecules
and/or inhibition of the biofilm development are of useful future
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goals that should be considered. This study revealed the inhibi-
tion of the growth of MDR S. Typhi isolates and inhibition of
pigment production by the indicator bacteria by nutmeg aqueous
seed extract and further, AgNPs disclosed the quorum sensing
inhibition potential of nutmeg. This is the first report of the
antibiofilm activity of biosynthesized nutmeg AgNPs. Our in
silico study showed how the phytochemicals interact with the
target Res system. Consequently, the present study is evidenced
to boost the biomedicine value of the nutmeg-based
biosynthesized AgNPs which could be used to control the
asymptomatic carriers, development of asymptomatic carriers,
and existence of biofilm-producing S. Typhi strains and other
pathogenic bacterial strains in the host, environment, or industrial
settings.
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